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Abstract
X-ray microcomputed tomography (microCT) has become an established method of testing and analyzing
additively manufactured parts in recent years, being especially useful and accurate for dimensional measure-
ment and porosity analysis. While this nondestructive analysis method is gaining traction among additive
manufacturing (AM) researchers and engineers, the capabilities of the method are not yet fully appreciated and
are still being developed. This review aims to summarize the many diverse ways this technique has been applied
to AM, including new and specialized applications. Examples are shown of many of these newly developed
methods, while also discussing the practicality and limitations of each. The review ends with perspectives on
the most time- and cost-effective ways to make use of microCT for various AM applications from R&D up to
industrial production, with suggestions for scan strategies for different types of analyses.
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Introduction
Additive manufacturing (AM) is a layer-by-layer manu-
facturing method that has grown considerably in recent years,
especially for producing functional metal parts for critical
applications in medical and aerospace industries.1,2 Powder
bed fusion (PBF) is the term used to describe specifically
metal AM using a laser (LPBF) or electron beam (EB-PBF)
to melt tracks and layers for the manufacture of complex
shaped parts.3
Despite the huge progress in recent years in this technology,
and its increasing adoption, there remain some production is-
sues. These issues include unwanted porosity from incorrect
processing parameters or build conditions, surface roughness or
other surface imperfections, deformation caused by residual
stresses, and mechanical properties that are anisotropic, for
example. These imperfections can be exaggerated due to the
complex nature of the designs possible by PBF. Due to these
challenges, process qualification is required and manufactured
parts require careful testing, especially for high value and crit-
ical parts such as those for aerospace or medical applications.
X-ray microcomputed tomography (microCT) is becoming
an established technique for nondestructive analysis in
various fields of application. In materials sciences, its in-
creasingly widespread use was reviewed in Maire and
Withers,4 which makes it clear that the method has evolved
from a qualitative imaging technique in the past to a mature
and quantitative analytical technique in recent years. It
finds particular use as a high-quality and nondestructive
analysis tool in various industrial applications as reviewed
in De Chiffre et al.5 In this review of industrial applica-
tions, a section was devoted to AM, demonstrating quality
control of complex parts and latticed parts—stating that
this is the only method suitable to nondestructively analyze
additively manufactured parts with internal cavities and
porosities.
Since PBF allows the manufacturing of objects with
complex shapes and internal design, including lattice struc-
tures and foams, microCT is very useful to quantify the po-
rosity, to study the cell morphology, and to evaluate internal
and external surface roughness, overall structural integrity,
and the extent and distribution of internal defects.6,7
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While the use of X-ray microCT is gaining acceptance in
the AM community, it is used most often to measure porosity
and confirm dimensional measurements, as discussed in
Thompson et al.8 This review article on the use of X-ray
computed tomography in AM documented the historical
development of the two technologies and their combined use,
while focusing mainly on porosity inspection and dimen-
sional measurement for quality controls. It was concluded
that the main drawbacks to the wider uptake of the technique
are costs and lack of standards.
The scope of the present review article is to demonstrate and
discuss all the varied ways microCT has been used in AM, in
addition to the abovementioned porosity and dimensional
measurements. The aim of this review is therefore to broaden
the general understanding of how this technique can be used to
complement and support AM, which is not generally known
and which is still under continuous development. This includes
various interesting applications and new developments appli-
cable toAMat different levels, from powder characterization to
surface roughness assessment and to image-based simulations.
This summary of the capabilities will hopefully provide in-
sight into how best to make use of this powerful technique,
allowing a proper selection of microCT testing strategy for a
particular application. Based on the various applications dem-
onstrated and discussed in the review, suggestions are made of
microCT testing strategies for most cost-effective use of the
technique. Considering the fast progress in both fields of X-ray
microCT and in AM, regular reviews of the synergies between
these two technologies will continue to remain important in the
next few years as advances are made in both. While the dis-
cussions are broadly applicable to all AM, the focus of the work
is on the most critical applications for aerospace and medical
applications, that is, metal PBF, in particular LPBF.
Background
Basic principles of X-ray microCT
X-ray microCT works on the principle of irradiating a
sample with a beam of X-rays, measuring the subsequent ab-
sorption X-ray image, and repeatedly acquiring such images as
the sample rotates. The X-ray absorption (so-called projection)
images represent views of the sample from many angles, pro-
viding internal detail due to the penetration of X-rays.9 The
acquired images are then used in a mathematical reconstruction
process to generate a volumetric data set. This volume com-
prises voxels (volumetric pixels) with the brightness of each
pixel related to the X-ray density of the material it represents
(X-ray density depends on physical density and atomic mass).
A schematic of the process is shown in Figure 1, which is a
modified version taken from a tutorial review of X-ray CT in
food sciences,10 which also describes the fundamentals of the
process in more detail. The schematic shown in Figure 1 is a
representation of most typical laboratory microCT setups, with
a microfocus X-ray source, a rotating sample stage, a planar
FIG. 1. Schematic of an X-ray microCT scan. microCT, microcomputed tomography. Color images available online at
www.liebertpub.com/3dp
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detector, and integrated software, to acquire images and re-
construct the volume data. After scanning and reconstruction,
data visualization and analysis are further performed, typically
in dedicated software. In this schematic, a polyamide (polymer)
hexagonal sample with internal lattice structure is shown,
which was built by selective laser sintering. The CT slice image
shows the presence of remaining powder, indicating a simple
yet powerful visualization by CT, without any postprocessing.
A series of guidelines for producing good-quality scans is
provided in du Plessis et al.11 These guidelines are meant for
biological samples but are also valid more generally, and are
therefore also applicable to additive manufactured parts. For
metal AM parts, high beam voltages and beam filtering are
also important factors to consider and some guidelines are
also presented in Ref.12
Current technology: types of systems—hardware
and software
A typical laboratory microCT setup, as described in du
Plessis et al.,13 allows the acquisition of microCT scans with
resolution down to 5lm, and submicron CT or nanoCT down
to 0.5lm. Some variations of systems exist with regard to the
types of detectors (bit depth, pixel size, sensitivity), X-ray
sources (maximum voltage, brightness, stability, smallest spot
size), and translation and rotation hardware (stability, accu-
racy). These variations in practice extend from small desktop
microCT systems with limited sample size capabilities to
large room-sized cabinets.
One of the latest developments is helical scanning as dem-
onstrated in Seifi et al.,14 which effectively removes some types
of image artifacts and allows acquisition of single volumes of
elongated samples, instead of stitchingmultiple scans. Another
new development, which can be very useful in practice, is off-
axis CT: rotation around an arbitrary selected point in the
sample. This allows higher resolution scans to be obtained with
less sample mounting limitations.
Besides the typical systems using geometric magnifica-
tion, some systems utilize a different concept where a colli-
mated beam is used, allowing for higher resolution imaging
of small regions inside an object. These are excellent for
high-resolution research studies, but not for quality inspec-
tions due to long scan times. Similarly, synchrotron tomog-
raphy is extremely useful for research studies, due to the
high-resolution, high X-ray flux and fast scan times possible,
see for example, Refs.15,16 However, beam time is limited
and not easily or fast accessible at large-scale facilities.
Reconstruction of acquired 2D images into 3D volumetric
data is typically performed using system-supplied software,
based on variations of a filtered back-projection algorithm.17
Much work has recently been performed in new reconstruc-
tion methods, including iterative reconstruction, which holds
promise for improved data quality in future and is an ongoing
development, see for example, Biguri et al.18
Visualization and analysis are typically quite computationally
challenging, hence the need for dedicated software packages
and associated high-end computing facilities. The most widely
used software packages for voxel data analysis are Volume
Graphics VGStudio Max and FEI Avizo. Due to the cost of
typical hardware and the technical experience and skill required
to obtain good scans, generate good reconstructions, and allow
access to suitable computing power and software, multiuser
facilities such as in du Plessis et al.13 are often used cost ef-
fectively and should be used more often by AM engineers. This
is one way to lower the cost barrier to the use of the technology.
Applications
Porosity and defect analysis
Despite the advantages of AM, various forms of defects can
occur, which can be detrimental to the mechanical properties
of the produced parts. Pores can be caused by many different
physical processes and can often be due to different melt pool
dynamics that depend on process parameters and conditions
as discussed in Khairallah et al.19 Complex shapes and in-
ternal structures of PBF parts also result in worse inspect-
ability of the defects.20
Many of the defects can be attributed to nonoptimal build
conditions and powder properties. Since LPBF is a process
involving selective laser fusion of a predeposited powder layer,
it can be expected that the quality of the powder layer is crucial.
Therefore, the powder particle shapes, the presence of satel-
lites, the particle size distribution, oxidation level, humidity,
static charge, and so on, which all can influence the flowability
of the powder, packing density, and homogeneity of the de-
posited powder layer, ultimately impact on the process and
resulting porosity.21–24
Parameter optimization is required for each powdermaterial
and system used as demonstrated, for example, in Refs.3,25–27
Recent studies investigated the porosity in AM parts over a
range of process conditions demonstrating keyhole mode and
lack of fusion porosity.28–30 Keyhole mode porosity represents
a trail of voids in the wake of the laser beam and occurs when
laser energy input is too high, resulting in evaporation of the
metal and deep penetration; the collapse of the vapor cavity
leads to pore formation.31 Keyhole pores have irregular shape
and relatively large size—more than 100lm.32 This was vi-
sualized by microCT for a range of process parameters in laser
welding.33 In another study, keyhole mode porosity was ana-
lyzed by sectioning and microCT.31
Lack of fusion porosity is usually irregular shaped and can
contain internal unmelted or partially sintered powder parti-
cles.34,35 Lack-of-fusion porosity is a result of insufficient
overlap of successive melt pools between layers or nonopti-
mal hatch distance between the tracks.21,36 Denudation of the
substrate19,21 can lead to nonuniform geometrical character-
istics of consecutive tracks—thus gaps between tracks can
exist at certain hatch distances. As a result, pores elongated in
shape along the XY-plane were found in sintered LPBF layers
and 3D samples.37–39
Incomplete part consolidation also can be due to poor
wetting and porosity along the edges of melt pools as was
found in Tang et al.36 A different type of defect resembling
chains of pores in building Z-direction were found by X-ray
tomography22 in LPBF samples produced at a high scan
speed, which could be associated with the balling effect.
Laser beam energy was insufficient to melt material in a high
layer thickness of several consecutive layers, and inhomo-
geneity in various regions leads to different melting and so-
lidifying behavior and ultimately to irregular porosity.32
At low-energy input, a shallow molten pool is formed and
irregular pores with large size were found in LPBF samples.40
When thick layers were processed, spherical and irregular
pores were also found.36,41 Awide range of process parameters
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with high levels of porosity and good images of lack of
fusion porosity containing trapped unmelted particles are
shown in Refs.22,30,35,42
Porosity shape dependence on scanning speed at fixed laser
power was investigated in Panwisawas et al.43 It was found
that there is a clear threshold scanning speed difference be-
tween where intralayer pores with spherical, elliptical, or
triangular morphologies exist and where interlayer pores with
horizontal elongated form. It was shown that thermal fluid
dynamics has a great impact on the temperature fields and
melt interface on the evolution of porosity in LPBF material.
The procedure for measurement and characterization of
porosity in LPBF small parts usingX-rayCT scansmay depend
on image analysis procedures and one methodology is de-
scribed in Cai et al.44 It was mentioned that the reconstruction
of internal structure by CT scans enhances the understanding of
the process parameters on LPBF porosity and gives the possi-
bility to analyze spatial distribution of the pores, its shapes and
sizes and to optimize process parameters on that basis.
Metallurgical pores, or small spherical pores less than
100lm in LPBF samples, were found at low scanning speed
and high laser power, that is, high linear energy input.32,40 It
was indicated in Panwisawas et al.43 that small amounts of
trapped gas between powder particles act as a nucleation site for
spherical pores. Gas entrapped in the melt pool originating
from the feedstock powderwas identified in recent studies, such
as in Cunningham et al.45 where the presence of porosity in the
powder was correlated with porosity in the built EB-PBF parts.
For another study in LPBF, pores in the feed stock powder
were observed and mentioned that they can cause porosity in
the final part.46 Rapid melting/cooling during LPBF results in
such trapped gas pores having no time to outgas and therefore
remaining in the part. The authors also mentioned the dis-
advantage of small pores less than 8lm, which cannot be
detected by typical microCT scans—for such small pores, it
was determined that cross-sectioning and optical microscopy
seem to be more reliable in this case.46
A high laser power leads to a high temperature, which, in
turn, contributes to strong flows and spattering of the molten
pool.19,47 Irregular sintered layers and satellites can influence
the homogeneity of the next deposited powder layer and this
can be a cause of pore formation. During LPBF, the laser scans
a thin predeposited powder layer. As shown in Refs.,35,41,43
processing of thick powder layers can cause inhomogeneity in
powder packing, which can cause pores in 3D LPBF objects. It
was found that when the deposited powder was agglomerated,
the inhomogeneous powder layer led to high porosity in sin-
tered samples. Processing homogenous powder layers at the
same process parameters resulted in fully dense samples as
shown in Kouprianoff et al.48
Scanning and building strategies also influence the porosity
of the samples, as was shown with microCT investigations of
LPBF parts.49–51 A contouring scan strategy can be a reason of
pores between the core part and the contouring area. An in-
creased porosity in bottom areas of the samples built with
support structures was found in an article by Damon et al.50
Stop/start cycles during the build of the part can cause
planar porosity as was shown in du Plessis et al.52 In this
work, the thin layered defect in the plane of the build platform
could be detected and quantified by microCT in a complex
part, before and after hot isostatic pressing (HIP). This
showed that much of the planar porosity remains after the
HIP process. This is therefore one very important type of
porosity to identify nondestructively and to eliminate from
the process if possible. HIP is often used to remove gas po-
rosity, even closing pores as large as 4mm to less than 10lm
as shown for casting porosity,53 but when pores are connected
to the surface, the method is ineffective.
At optimal conditions, LPBF samples have fairly randomly
distributed defects such as small spherical gas pores and de-
fects in the form of microshrinkages between the connected
layers, and the mechanical behavior of the samples is not de-
termined by the presence of these small defects, but mostly by
specific microstructure after LPBF.54,55
A recent excellent example of the use of X-ray microCT to
visualize and quantify porosity and build defects in small EB-
PBF samples is provided in Tammas-Williams et al.56 These
authors demonstrate how the amount of porosity and its 3D
distribution can be related to the process parameters, and they
mention how this information can be used to provide feed-
back and optimize the process parameters. Most work thus far
by manufacturers of AM systems has optimized processes
based only on microstructure. This study was for electron
beam melting and typical porosity was in the region of 0.2%.
A similar type of study was reported in Maskery et al.57 for
LPBF parts, with typical porosity of 0.1%. In this study,
various heat treatments were used on the same samples,
which affected the microstructure but left pores unaffected.
In a similar study, AM samples were analyzed by microCT
before and after HIP and subsequently after heat treatment
cycles. Interestingly, the pores disappear below the resolution
limit of the microCT scan after HIP, but regrow to detectable
sizes after heat treatment. While the amount of regrowth is
limited, it does indicate the presence of porosity even after
HIPping, despite being small.
Clearly, microCT can be used to identify porosity in small
AM samples, but how does this relate to real parts? The larger
part size of typical functional components limits the best pos-
sible resolution in microCT, and hence, small pores can be
missed. The major question is: which small pores are missed in
any particular case? In an ideal scenario, where a perfect quality
scan is analyzed, the typicalminimumpore size that is positively
identified is at least 3 voxels wide, that is, in 3D it comprises at
least 27 voxels. Taking this ‘‘general rule’’ as minimum de-
tectable pore size, a scan at 10lm voxel size will quantify all
pores >30lm in diameter.
The best voxel resolution depends on the part size by an-
other ‘‘general rule’’ for typical geometrical magnification
microCT systems: the best possible resolution is 2000 times
smaller than the widest part of the sample. This means a
20mm part has the best possible voxel size of 10 lm. This
rule is valid for whole parts and sometimes varies depending
on the angle of scanning required to eliminate artifacts.
In addition to this size/resolution/detail detectability prob-
lem, larger parts suffer from X-ray penetration problems (de-
pending on parameters used), which can result in image quality
issues and hence decreased data quality. Despite these draw-
backs, the method can be used effectively for quality control
purposes as demonstrated in Refs.51,58
In one of these cases, a reference porosity sample was used
and it was demonstrated that a further higher resolution analysis
of the microporosity is possible by sectioning the part, as the
part size limits the resolution obtained by microCT. This
methodology can be used as part of a strategy to check the 3D
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distribution of porosity and this information can be used to
minimize porosity by varying process parameters. In this case,
most of the detected microporosity was located on the under-
side of the part and is related to the surface connected to support
structures similar to those mentioned in Ref.50 One strategy to
reduce this is to change the process parameters at these loca-
tions, or to add material in the design, and use postprocess
machining to remove this near-surface porous material.
The most useful and most widely used application of mi-
croCT in AM is the nondestructive analysis of unexpected
porosity or build defects in final parts, allowing a pass/fail
decision for a part meant for a critical application. Various
recent research efforts were aimed at qualification of AM
processes, often for specific process parameters and material
types. One such qualification was recently presented for AM
of biomedical implants.59
A recent development is that witness specimens (test
coupons) are manufactured in the same build as a critical
component, and these witness specimens are then analyzed
for defects at a high resolution.60 A statistical analysis of the
detected porosity can be related to the porosity of the part
itself and hence its mechanical properties. This allows the use
of high-resolution microCT for prediction of a larger part’s
properties, and can be used effectively for builds containing
fewer witness specimens than parts.
X-ray inspection (2D) is a widely used and low-cost al-
ternative nondestructive test method for the detection of
flaws in castings, welds, and various metal processed parts.
What is not widely known (or understood) is that typical
microCT systems also have the ability to do 2D X-ray in-
spections, with the same or better quality than dedicated 2D
inspection systems. Obviously, a full microCT scan provides
a much clearer view of defects, with more quantitative data of
the defects, and with a higher sensitivity and contrast.
However, 2D X-ray imaging is almost real time, allowing for
time and cost savings. There are obvious challenges to 2D
imaging with complex parts as those produced in AM, due to
different path lengths of material for the X-ray projection
image. The possibility for combining 2D inspection of large
numbers of parts with 3D microCT scans of selected parts
allows for cost-effective inspections, especially for large
production volumes.
Due to the need to ensure the detection capability of mi-
croCT for detection of small pores and cavities, various studies
have created artifacts containing artificial cavities (seeded
flaws). Such AM artifacts were produced containing cavities
of varying sizes, and it was shown how microCT can accu-
rately quantify the cavity sizes.61,62 Figure 2 shows one such
artifact containing cubic shell cavities. It is demonstrated that
the initial X-ray image, when contrasted properly, positively
FIG. 2. X-ray and CT of LPBF Ti6Al4V ELI test sample with designed internal cavities of varying dimensions. The
contrasted X-ray image (A) reveals the presence of all the cavities, while CT allows much clearer 3D visualization and
quantitative assessment as seen in a CT slice image (B) and 3D rendering (C). LPBF, laser powder bed fusion. Color images
available online at www.liebertpub.com/3dp
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identifies all the cavities, while the microCT data allow much
clearer viewing of the cavities in slice images. A further po-
rosity analysis allows quantification of pore volumes, cavity
wall thickness, and more, including 3D visualization of the
extent and 3D distribution of the cavities.
The X-ray image in Figure 2A was obtained with a typical
acquisition during a CT scan—higher quality 2D X-ray im-
ages can be obtained with proper sample orientation and
image averaging, within less than a few seconds. The sub-
sequent microCT scan requires longer time investment in
FIG. 3. Example of porosity analysis in a small cylindrical sample (3mm diameter) produced by LPBF with nonoptimal
processing parameters, leading to total porosity of 4.5%. The porosity can be seen in an X-ray image (A) and visualized and
quantified in different ways from CT data, shown in a 3D cropped view (B), CT slice image showing unmelted powder inside the
pores (C), or a transparent view of the porosity analysis in 3D (D). Color images available online at www.liebertpub.com/3dp
232 DU PLESSIS ET AL.
scanning and data processing to obtain results such as those
presented in the figure.
An example of unexpected lack of fusion porosity produced
by LPBF is shown in Figure 3. This sample was machined
after AM to a cylinder of 3mm diameter and height—the 2D
X-ray image is shown, followed by different microCT visu-
alizations: a cropped 3D rendering, a slice image, and finally a
3D porosity analysis. This sample contains a total of 4.5%
porosity, similar to some of the examples in Kim et al.,42 and
the 2D X-ray image already shows evidence of this porosity
(white spots in the black area). The microCT data show in a
cropped 3D view, lots of pores not visible on the surface,
presumably due to the machining process the surface pores
were closed up. The microCT slice image shows in black the
pore distribution in a horizontal plane, or virtual cross section.
These cross sections can be analyzed in a stepwise manner
without any further processing, to manually interpret the
defects or to make 2D image analysis as is done with met-
allurgical microscopes. Finally, a porosity analysis highlights
the pores in 3D by color coding based on size.
This analysis seems visually excessive, but this corre-
sponds to 4.5% porosity. This excessive visual effect is due to
the full 3D nature of the data and is not a misrepresentation.
Therefore, it is important to realize that even small amounts
of porosity are clearly visualized, and the statistical data are
as important as the visual representation. In this case the
FIG. 4. Porosity inside the struts of a lattice, at an average level of 0.1%. A local hotspot analysis shows areas of locally
high average porosity (red parts 0.8%), which will be weak points. A surface view with color bar relating to the local
porosity is shown in (A). A close-up transparent view of the high local porosity in the top strut of (A) is shown in (B): this
indicates which pores are responsible for the high local porosity, with their own color scale for their maximum diameters.
Color images available online at www.liebertpub.com/3dp
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porosity is likely caused by lack of fusion porosity due to
nonoptimal energy input for the chosen layer thickness. This
conclusion is due to the trapped unmelted powder observed
inside pores. Regularly spaced porosity (Fig. 3C) also indi-
cates the possibility of too large hatch distance for the used
scanning strategy.
Although ‘‘classical’’ porosity analysis by CT scans is use-
ful, it is not only the size, quantity, or average level of porosity
in a part that is important for mechanical properties of the part.
Larger pores, more irregular pores, and those closer to the
surface of AM samples are more detrimental to fatigue life, as
they were found to be the main contributors to the stress con-
centration effect.63–66 For this type of investigation, the pore
distance from the edge of the part can be analyzed. Each pore
can be classified according to its size, sphericity, location rel-
ative to surface, or even location relative to next nearest pore.
Such classifications can be used to infer which pores are most
critical, in continued studies of the critical pores in AM parts.
Similarly, clusters of pores in thin sections of a part can
create local areas of high porosity, leading to weak points in
the structure. It is possible to select regions and analyze the
porosity over those regions only, but a new development is the
automated calculation of porosity in equal-sized regions across
the entire part. This method calculates porosity hotspots or
areas of high local porosity and generates a color map distri-
bution across a part, indicating areas of high local porosity
within a predetermined region size. This is demonstrated in
Figure 4 using an electron beam melted lattice structure as
example. The red areas are those areas containing more than
0.8% porosity in local areas of 0.6mm across, with a trans-
parent view showing the pores responsible for the hotspots.
Metallic and nonmetallic inclusions are life-limiting failure
mechanisms in structural materials, and cause reduced impact
toughness and corrosion resistance.67,68 Such unwanted in-
clusions, which are most likely due to impurity in the used
powder AM system, can be detected by microCT. One ex-
ample of this is shown in Figure 5, which is a microCT slice
image of a compact tension LPBF Ti6Al4V specimen. Clearly
visible are isolated pores (black) andmany small white spots—
inclusions. These inclusions can act as stress concentrators and
affect the fatigue life and crack formation.
Also visible are some typical image artifacts, which is due
to the sample scanned perfectly horizontally. In this case, the
choice was made to scan in this way to improve the resolution
of the middle section, as the interest in this case was to obtain
high-resolution images and porosity information of the re-
gion below the crack notch (which is not yet machined into
the sample). This region does not contain artifacts. It is im-
portant to note that not all types of inclusions can be detected
by microCT and the detection capability scales with resolu-
tion of the scan, as in porosity analysis.
Volumetric density measurement
Despite the capabilities of microCT to image and quantify
porosity and defects, AM parts are still typically subjected to
Archimedes tests to measure their average volumetric den-
sity. This test is simple and fast (and low cost). However,
there are some potential problems with this method:
 Air bubbles can attach to the surface especially due
to the rough and irregular surface, resulting in larger
volume measurement and hence lower measured
density.
 Channels or flaws connected to the surface can be filled
with water, resulting in a smaller volume measurement
and hence a higher measured density.
 Inclusions can potentially increase the measured mass
and hence measured density.
FIG. 5. Isolated pores in a compact tension specimen, before the notch being machined into it (between the holes). Black
spots indicate small isolated pores that can affect the crack growth in a fatigue test. Also visible are bright spots, which are
impurities (inclusions), which may also act as stress concentration points and hence affect the fatigue crack growth
behavior. Color images available online at www.liebertpub.com/3dp
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 Major flaws such as layer defects, keyhole or gas pores
take very little volume (e.g., <0.01%) and hence do
not make much difference to the measured density but
can still be very important if they are clustered or
layered, or have some nonrandom distribution.
 A material density is assumed, which can be incorrect
for alloys with varying compositions.
While porosity analysis by microCT is well known as
shown in the previous section, it is not so well known that the
entire part volume can be accurately determined—this com-
bined with the part mass provides a good measure of the av-
erage part volumetric density. This can be useful to complement
or overcome some of the abovementioned issues with tra-
ditional density measurements. Theoretically this is better
than porosity analysis using microCT image analysis, as it is
less prone to detection capability issues of the microCT
instrument (as small porosity may be missed in some scans
while an accurate part volume is still measured).
This CT-measured volume of the part can overcome the
problems with air bubbles and open porosity/channels, while
additionally visually confirming the presence or lack of in-
clusions and small porosity or defects, that is, identifying the
causes of density problems. The accuracy of the volumetric
measurement of the part is limited by the scan resolution
only, requires images free of artifacts, and requires an ac-
curate subvoxel surface edge determination. It is envisaged
that this be useful primarily on test coupons and small sam-
ples, due to the accuracy of the surface data required.
Finally, it is also possible to use CT with calibrated density
samples, scanned together with an unknown sample to cal-
culate its density based on grayscale alone—this requires
low-resolution scanning and is done similar to the process
described in du Plessis et al.69 It is important to realize that
the same material is required with varying densities covering
the expected range of the unknown sample, which is some-
times difficult to acquire or produce. Yet, this may be very
useful for fast relative density measurements.
Dimensional measurement
A widely used quality control method in AM is the dimen-
sional assessment or metrology of produced parts. Much work
is done using traditional metrology methods (e.g., coordinate
measurement machines [CMMs] and optical measurement
systems), but these are limited to exterior surfaces. X-ray mi-
croCT is increasingly being used for precision coordinate
measurement applications in various industries, as the method
is refined and sources of uncertainties better understood—this
is summarized in a recent article comparing CMM and mi-
croCT demonstrating less than 5lm deviation in most cases.70
It is also the only method capable of measuring dimensions
of complex parts containing internal surfaces and lattice parts.
One of the simplest dimensional assessments is checking for
powder or melted material inside complex parts, for example,
in lattices or inside channels not visible, which can cause
blockages or affect the performance of the parts in some way.
This can be done by simple viewing of CT slice images from a
reasonably fast microCT scan, such as the example shown in
Figure 1, where powder remains inside the part and is visible in
the CT image as lower density (less bright) material.
MicroCT-based dimensional measurements (metrology)
require higher quality scan data and geometrically calibrated
systems.71 Recently, dedicated metrology CT systems have
been introduced, which are temperature stabilized, and cali-
brated test parts are scanned before every scan to validate the
dimensional accuracy to a high level of confidence and pro-
vide traceability of the results.
However, the scan setup and microCT scan settings play a
very important role in generating high-quality data (high-
contrast, sharp material edges and low noise, lack of artifacts).
As the data quality improves so does the accuracy of the ob-
tained surfaces and hence dimensional measurements based on
these surfaces. Finally, the determination of the surface at
subvoxel accuracy is possible using 3D interpolation of gray
values, which is only useful when no image artifacts are
present and signal to noise ratio is high. For obtaining high-
quality data, some guidelines are presented in Refs.11,12
Dimensional measurements can take various forms: sim-
ple linear measurements in aligned CT slice images, wall
thickness analyses of produced part walls, or complete part
surface comparison to computer-aided design (CAD) model
or to another part. Different process parameters and scanning
strategies in AM can result in the real dimensions of manu-
factured parts deviating from the geometrical characteristics
prescribed by the CAD model.
For example, LPBF cylindrical samples produced at sim-
ilar process parameters, but two scanning strategies—single
scan and rescan—had different dimensions. It was found that
samples fabricated by a single scan strategy had about 60% of
surfaces less than the prescribed CAD surfaces, while re-
scanned samples had about 75% of surfaces more than the
CAD ones.39 Geometric tolerances and deviations from CAD
design of microchannels were analyzed by CT scans in
Snyder et al.72 On the base of this deviation data, scaling
parameters can be introduced to precompensate for devia-
tions resulting in a more optimized final part dimension,
taking into account shrinkage behavior of the material, part
geometry, and most building and scanning strategies.
Figure 6 shows an example of CAD variance analysis
(compare actual part to design file) of an LPBF Ti6Al4V ELI
adult human facial implant produced in CRPM, Central
University of Technology, Free State, South Africa, with
an EOSINT M280 (EOS Electro Optical Systems Ltd.) at
manufacturer-prescribed process parameters and scanning
strategy. The fabricated part with support structures de-
viated from the CAD model in that some areas were lower
than 0.5 mm below the CAD design (blue-purple) and other
parts were above the CAD design up to 0.5 mm (red). This
indicates slight warping during processing, which can be
problematic for custom human implants and resulted in
this part being rejected. After a comprehensive study of the
building strategy and CAD variance analysis, a new part
was built in a different orientation and including additional
bars to prevent warpage during processing.
Another complex and specialized dimensional measure-
ment capability for microCT, which is starting to be utilized
more often, is the analysis of AM lattice structures. Such
lattice structures are widely used in AM parts for light-
weighting, and in medical implants for bone ingrowth. There
is significant development in the AM community to effec-
tively use lattice structures, making use of topology optimi-
zation.73 The 3D analysis capabilities of microCT for this
type of part originate from biomedical bone structure anal-
ysis,74 but are equally suitable to lattices.
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Lattice structures can often have thin struts that can be
problematic to build accurately and might contain un-
melted material, particles attached to the surface, or other
imperfections difficult to remove from inside the lattice. A
relatively large lattice structure with mean strut thickness of
0.9mm is shown in Figure 7; in this case the color coding
shows the thickness at every point. The same lattice con-
tains entirely open connected porosity, which cannot be
quantified in the same way as isolated closed porosity. For
this type of open porosity, a maximal-sphere algorithm is
used similar to the strut thickness measurement, but instead
used to quantify the pore spaces. This allows the pore size
determination as 2.5mm in this case for the bulk pore spaces
as shown in Figure 7 using a 3D view and slice image.
While some analyses such as those above for lattices can
be time-consuming, there are three cost-effective solutions to
microCT-based inspection of lattice structures and struts:
(1) simple viewing of the slices allows identification
of potential problems and simple and fast linear
measurements;
(2) basic morphological analyses such as total material
volume, pore space or fraction, and material surface
area. These simple measurements allow calculation
(based on volume and surface area) of estimated
values for strut thickness and spacing (termed tra-
becular thickness and trabecular spacing according
to the original biomedical use for bone analysis75).
This method is faster, but a good estimate, compared
with the maximal sphere method that measures directly
the thickness of the strut at every point as shown above
and described in more detail in Hildebrand and Rueg-
segger.74 However, this is a stereological method and is
based on surface area, which might be significantly
higher for some rough surfaces as found in AM parts,
therefore it should be used carefully;
(3) extraction of STL file from the microCT data allows
for basic analysis in any other CAD viewing software,
and allows one to keep a record of the data in a format
widely used in the AM community, requiring no sig-
nificant data capacity or specialized software tools.
Deformation or 4D microCT
One particularly useful aspect of microCT is the ability
to monitor changes in the same part, especially after some
change or deformation—this can be performed in situ or
ex situ. In situ experiments are possible by the use of specially
designed stages allowing compression or tensile testing in the
microCT chamber, and similarly designed temperature stages
have been used.
For in situ experiments, a sample is typically scanned un-
loaded and loaded to analyze deformations and identify the
location of first failure. For ex situ experiments, the sample is
first scanned, then subjected to mechanical testing up to a
certain point, the test stopped (e.g., at 6% elongation), and a
new scan is performed on the sample. In either case, this type of
‘‘time lapse’’ CT is termed 4DCT and provides a powerful new
tool to identify the material response to different processes.
The method has been used to monitor deformation changes
in AM parts subjected to static loading tensile tests, in at-
tempts to visualize the effect of porosity on fracturing.76 In
this work, a unique analysis was devised through which the
tensile necking behavior was visualized and quantified using
a CAD variance analysis between the deformed sample and
a best-fit cylinder to the original shape. In this way, the
asymmetrical necking behavior could be visualized.
The sameworkwas extendedwith a single samplemanually
aligned between original and fractured sample, as shown in
Figure 8.55 This manual correlation of pores is challenging as
the pores are very small, and new pores emerge above the scan
resolution due to the elongation and fracturing occurring. This
type of manual volumetric correlation can allow investigations
of root cause pores resulting in fracture, for example. Inter-
estingly, the necking and fracture do not occur in the area of
highest porosity in this sample (the bottompart). This indicates
FIG. 6. CAD variance analysis of facial implant built by LPBF–CAD file mesh includes supports. Blue areas are smaller
than design, red are larger. CAD, computer-aided design. Color images available online at www.liebertpub.com/3dp
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that these small pores are not critical for static strength of parts.
In this case, the microstructure played the dominant role in the
yielding and failure location.
Generally, 4D CT can be combined with digital volume cor-
relation to provide full-field strain maps.77 In situ deformation
and temperature changes can be followed using specially de-
signed stages, for example, as shown in Refs.78,79 Other appli-
cations can be to monitor the efficiency of pore closure in HIP
treatment and the effect of heat treatments on pores.14,52,53,80
Surface roughness or topography
AM parts require surface roughness assessment, but tra-
ditional tools such as tactile and optical profilometers and
laser scanners work only on the exterior surfaces of parts,
and often only in lines or on flat surfaces.81,82 It was shown
previously that individual line profiles in CT images can be
related to surface roughness, especially useful for complex
parts such as struts in lattices.83,84
Recent advances in image processing of high-quality mi-
croCT scans have demonstrated that it is possible to measure
surface topography of AM parts generally,85 also for internal
surfaces of complex parts.49,72,86 The term topography is used
since the resolution does not allow for roughness measure-
ments near or below the resolution of the scan, and the method
is therefore different from typical traditional surface roughness
measurements. However, the advantages of allowing for mea-
surement of internal surfaces and the surfaces of complex parts
such as lattice structures make it extremely useful for AM,
especially for internal surfaces of parts. The values for internal
surface topography using microCT compare very well to the
same surfaces measured using traditional noncontact surface
measurement methods, where the internal surface was exposed
for the optical measurements.86
The practical limitation for microCT-based surface char-
acterization is the resolution and part size: the voxel size is
limited by the part size and hence the method is only suitable
for reasonably rough surfaces, or small parts (or both). The
above studies focused on flat surfaces, but it is also possible to
characterize nonflat surfaces (curved surfaces or geometrical
shapes). This can be done by fitting a geometric shape to the
part (e.g., a cylinder as in Fig. 9) and measuring the deviation
of the actual surface from the geometric shape at every point,
similar to a CAD variance.
Simulations
The use of microCT data as a basis for simulations is an
exciting possibility that has not been widely explored yet.
Unlike simulations based on design geometry of parts, the
actual parts, including defects, surface imperfections, and
build errors, can be simulated, providing a theoretically more
accurate prediction of the properties of the part. This can be
useful for two reasons: first, the actual effect of a defect on the
resulting mechanical properties can be assessed, assisting to
make pass/fail decisions on the use of a part; and second, the
effect of defects can be studied and correlated with various
mechanical tests on the same parts.
This latter route has been applied in a study of tensile
testing of cast Ti6Al4V containing large pores up to 4mm in
diameter.59 In this study, the static yield strength was corre-
lated with pore size, and fracture occurred predominantly at
the largest pore, but yield strength was not severely affected
(it was still high despite the pores). This was most likely due
to the rounded shape and central location of the casting po-
rosity; pores closer to the surface are expected to contribute to
much higher stress concentrations, which will result in a
decrease in strength of the part.
FIG. 7. Strut thickness and pore space analysis in lattices.
A strut thickness analysis is shown in 3D in (A), a slice
image shows the pore size analysis of the open porosity in
2D in (B) and in 3D in (C). Color images available online at
www.liebertpub.com/3dp
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Perhaps more important than static strength is the effect of
pores on fatigue life of a part. This was investigated for electron
beam melted fatigue samples by microCT coupled with sim-
ulations in Tammas-Williams et al.,87 where it was found that
the crack initiation defect was often not the largest, the prox-
imity to the surface is often more important. In this work, as in
much prior work on microCT-based simulations, the typical
workflow requires the images to be converted to meshes suit-
able for mechanical or other simulations in dedicated simula-
tion packages.
Recently, structural mechanics simulations have become
possible directly on voxel data, using an immersed boundary
finite element code incorporated directly in voxel analysis
software. This simulation method assumes linear elastic ma-
terial properties and small deformations. It has been used in
the abovementioned study of stress concentrations around
casting pores subjected to tensile tests,59 and, more recently, it
was applied to analyze stress concentrations in AM brackets,
predicting which parts have longer fatigue life.88
Similar concepts for predicting the consequence of a defect
visualized by X-ray CT were investigated for an improved
understanding of fatigue critical pores in AM parts in Sid-
dique et al.64 It was found that the stress concentration factors
for pores near the surface are very high, and suggestions were
made for a remelting strategy in these areas.
An example of a direct voxel-based simulation of static
loading of a 25-mm-wide LPBF Ti6Al4V lattice structure
is shown in Figure 10 in CT slice images with simulation
(left) and after compression to first failure (right). This
clearly demonstrates the use of the stress simulation as the
failure location corresponds to the high stress region. If
there were pores in the high stress regions, this would be
exaggerated and create an even higher stress region. Be-
sides visualizing the locations of high Von Mises stress,
and potentially correlating this with imperfections in the
part or porosity clusters, the method also provides statis-
tical information on regions of high Von Mises stress
(hotspots), and similar information on deformation, which
FIG. 8. As-built LPBF Ti6Al4V ELI tensile sample deformed showing necking, fracturing, and correlated pores. Color
images available online at www.liebertpub.com/3dp
FIG. 9. Surface roughness/topography analysis of AM part on a cylindrical geometry. AM, additive manufacturing. Color
images available online at www.liebertpub.com/3dp
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can be used to calculate an effective elastic modulus of a
lattice structure, for example.
The lattice shown here is 50% dense and the simulated
elastic modulus is 29MPa on the real sample, compared with
20MPa obtained in the experiment (average of three repli-
cates), and the location of first failure corresponds to high
Von Mises stress regions in the simulations—this work is
submitted for publication elsewhere.89
Multiscale CT and fast scanning
In a study of the use of microCT for quality control of an
AM medical implant,58 multiscale microCT scans (100, 75,
50, and 25lm) indicated the ability to detect progressively
smaller porosity at higher resolution. In this work, a reference
sample was used to validate the detection capability, in the
same scan. This is a similar concept to using a coupon sample
with seeded flaws, as has been mentioned. Poor resolution
results in faster scan times due to less angular projection im-
ages required for a good reconstructed image, which is useful
for cost-effective use of the method. Similarly, each acquired
image can be obtained in shorter times and with less averaging
of images, also increasing the scanning speed. In a multiscale
microCT study of porosity in concrete, it was shown that even
5-min scans can produce useful porosity information.90
This method of fast scanning reduces the ability to detect
the smallest pores by adding to noise levels, but the largest
(andmost likelymost important) defects are still identified. In
a similar methodology, many samples can be scanned at once,
as demonstrated in Guelpa et al.91 However, scanning many
samples at once has numerous drawbacks: the resolution is
poor, higher penetrating power is required for many dense
samples, significantly reducing data quality (noisy data),
and the scan data also contain various parts and therefore
require additional processing to separate the parts virtually
(with the possibility to mix data).
Therefore, fast individual scans are suggested for AM
parts, as a cost-effective quality control tool. This can be used
in the form of ‘‘scout scanning’’ to identify potentially de-
fective parts, and when something is observed, a high-quality
scan can be conducted. The same can be done with X-ray
inspections instead of fast scanning, but for complex parts
such as AM parts, and with the types of defects (e.g., thin
layered defects), this is not suggested.
The other extreme involves slower scans due to extended
acquisition times andmore acquisition images with additional
image averaging. The adjustments can significantly improve
the quality of the obtained images, which will improve the
detection limit of small features. It is also possible to scan a
small section of a part at a higher resolution than that possible
on a whole part. This could be required to test a small critical
section of a larger part, such as a thin wall of a medical device,
for example. In this case there are two options that are useful.
First, region of interest scanning is possible, that is, the field of
FIG. 10. Von Mises stress from simulation of compressive loading on microCT data of 25mm LPBF Ti6Al4V ELI lattice
sample—viewed in microCT slice images before compression (A) and microCT image of compressed sample after first
failure (B). This shows cracks at the location of high stress in the simulation before compression.89 The 3D rendering (C) shows
in a cropped view the location of the cracks. Color images available online at www.liebertpub.com/3dp
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view is limited and the rest of the material rotating around this
area being imaged. Usually this is done in combination with
full-part scans. Another option is to scan elongated parts
in sections and stitch them together into one large volume.
Moving the detector horizontally allowswider samples to be
scanned increasing the obtainable resolution for the same part
size. This allows high-resolution imaging of the entire sample.
Some systems also allow helical scanning, which eliminates
the need for stitching and removes some types of edge artifacts,
allowing higher magnification at high quality. Stitched double-
helical scans offer a combination of these advantages for
higher resolution. Further hardware developments are in
progress using higher resolution detectors to improve the ob-
tained resolution of microCT scans, for the same size part.
Improved resolution on large parts is practically limited by
computing resources available, as the full volumetric data set
typically needs to be loaded to memory for analysis—this re-
quires more than 20 Gb memory even for typical data sets.
Powder analysis
The analysis of metal powders has recently become pos-
sible using high-resolution microCT, as demonstrated in
Refs.92,93 The usefulness of this over conventional laser dif-
fraction or microscopy is primarily that internal pores can be
easily identified in powders, which might be trapped in the
meltpool during the AM process.45 It is also the only method
through which the real sphericity, volume, and surface areas
of particles can be determined, which can all be important
parameters for ensuring flowability and eventually quality of
the powder bed.
In the first demonstrations of metal particle analysis by
microCT, sample preparation was required for loading par-
ticles in such a way to prevent them from touching, making
digital analysis simpler. However, new algorithms have be-
come available recently allowing image filtering using a non-
local means filter, and when this is coupled with a newly
developed foam structure analysis (digitally separating touch-
ing components), a complete powder analysis can be made of
powders loaded and scanned in a pipette tip. A similar process
can be followed using a watershed segmentation process in
other software packages. This is demonstrated in Figure 11 for
Ti6Al4V particles, and the method is applied and described in
more detail in Rozendaal et al.94
Multimaterials
Most work to date using microCT in AM has focused on
single materials. It is possible to analyze multiple materials in
a part, but the quality of the resulting images may vary de-
pending on the materials investigated. The example shown in
Figure 12 is a special case of an interface between copper and
steel—the part was manufactured in one piece by AM and the
interest was to analyze the interface and visualize a possible
FIG. 11. Metal powder analysis by microCT, indicating the CT slice image (A), the color-coded size analysis (B), extracted
information on particle size distribution (C), and sphericity distribution (D). Color images available online at www
.liebertpub.com/3dp
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region of intermediate density. Clearly the process parame-
ters require some optimization, as lack of fusion porosity is
observed, but the interface itself is free of porosity with some
mixing observed in a wavy pattern. This is a small field of
view of less than 1mm, as it is a nanoCT scan to obtain best
possible resolution on the interface.
In more extreme cases such as steel (very dense) and
aluminum (very light), the contrast on the steel will be good,
while the contrast on the aluminum will be poor—this is
much like attempting to view something while looking into
the sun. It is therefore important to realize that the detail
detectability is affected by the material in the scan volume.
This is something that must be considered, for example, for
light metal parts containing denser parts such as steel screws
and bolts—it is best to remove these for best quality imaging
of the aluminum part.
In another example of the multimaterial capabilities of mi-
croCT, the image in Figure 13 shows the distribution and sizes
of unmelted Mo particles in a single laser melted track. This
work investigated the in situ alloying ofMo particles in Ti and is
reported in detail in Dzogbewu et al.95 The interest is to see how
much of theMo is melted, how these particles are distributed in
the track, and if there are variations in density across the track.
The particles seen in the image are unmelted and it was found
that twice as much unmelted Mo particles are present in tracks
melted at 150 W compared with those melted at 350 W.
Limitations
One of the first and most important limitations is the part
size, especially for metal parts. When a part is too big, pen-
etration of X-rays becomes an issue requiring high scan
voltages, beam filtration, and resulting loss of quality in the
images. This can often result in lack of detection capability
on small pores and can lead to some edges of the part being
less or more bright than others in the CT data, making a good
surface model impossible, or very time-consuming, to correct
using image processing methods. This is especially true of
denser metals, and objects larger than 100mm. The data can
still be used for viewing for major defects but any more
advanced analysis becomes much more challenging.
One way to overcome this is to use higher voltage systems,
or lots of beamfiltration, and optimize scanning parameters for
the object of interest. Beam hardening correction is crucial as a
part of the reconstruction process, for large and dense parts.
Related to the part size problem is the required resolution
that scales with part size. The smaller the part is the better the
possible resolution that can be obtained. The ‘‘general rule’’
for typical geometrical magnification microCT is that the best
possible resolution is 2000 times smaller than the widest part
of the sample. For loading samples at angles and eliminating
some kinds of artifacts, as is required for advanced analyses,
this reduces to a factor 1000.
For typical microCT scans at high quality, parts therefore
need to be in the range of 10–100mm (for voxel sizes 10–
100lm) and for specialized high-resolution systems allowing
submicron voxel size, typical sample sizes range from 0.5 to
10mm (for voxel sizes 0.5–10lm). This means that, despite
the nondestructive capability, often samples need some form
of sectioning to allow a higher resolution to be obtained.
The limitation on minimum detectable pore size was also
mentioned in the related section above, where it was men-
tioned that pores >3 voxels wide are the minimum size that
can be reliably detected. Hence, the smallest pore size de-
tected in a 10mm part, where voxel size is 10 lm, is 30 lm in
diameter. These sizes relate to the largest diameter of the
pore, unlike 2D sections that often detect smaller pores, due
to the noncentral sectioning of the pore. Comparisons be-
tween 3D and 2D analyses should therefore be handled with
care and might lead to misinterpretation.
FIG. 12. Multimaterial interface shows good interface re-
gion between steel (top) and copper (bottom). Due to nonop-
timal process parameters, the sample reveals a high porosity.
The sample size is 1mm wide, with scan at submicron voxel
size (0.9lm).
FIG. 13. In situ alloying of Mo analyzed by microCT,
showing the distribution and extent of unmelted Mo parti-
cles in the single laser-melted track. Color images available
online at www.liebertpub.com/3dp
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The obtained image quality is strongly dependent on a
proper choice of scan parameters and on scan time, and hence
cost. As mentioned previously, this is one of the major draw-
backs of microCT. Fast scanning reduces image quality, which
can limit the ability to detect features or make suitable con-
clusions. High scan quality allows more complex analysis
methods and reduces the load on image processing. There-
fore, an ideal compromise of scan time and image processing
time is required, which ideally needs to be developed on
an individual basis for each type of application. In the next
section, suggestions are made with respect to types of anal-
ysis possible at low, medium, and high time investment and
hence cost, giving an idea of what is possible for effective
microCT analysis of AM parts.
Strategies for Effective Use of microCT
In this section, the strategies for best use of microCT in AM
applications are summarized, considering the current state of
the art as reviewed above. These strategies will vary slightly
according to the type of microCT equipment used, computing
power available, software used for analysis, and quality of the
scan data obtained (which can vary with skill and experience
of the operator). Nevertheless, it provides a general guide for
the AM engineer to understand the microCT technology and
realize how best tomake use of it. In all cases, it makes sense to
share facilities and make use of existing expertise, such as
those available in multiuser or service facilities.
Fast options
For fast and hence low-cost inspections, especially for
batches of samples, microCT systems can make 2D X-ray
images almost on demand as mentioned above. This allows
inspection of many parts per hour, and based on the X-ray
inspections, full microCT scans can be done on suspected
defective parts.
Similar to above, and more suitable to AM parts with
complex designs, fast microCT scans can be performed at
reduced quality and resolution to simply view the interior of
parts for major flaws. Up to four parts per hour can typically
be handled in this way, and only basic image stacks generated
for basic inspection (no dimensional analysis). As mentioned
previously, higher quality scans can subsequently be done on
selected parts in a batch, when required.
Generally, any type of scan, where the data themselves are
only viewed for qualitative assessments, is relatively simple
and requires only scan time investment, without the need for
specialized analysis procedures or interpretation of 3D data.
The slice images are viewed in sequence from one side to the
other side of the part, which can be typically done in three axes.
Medium time investment
Due to the required image quality for porosity or inclusion
analysis, and the type of layered and small defects found in
AM parts, reasonably high image quality is required with scan
times 1–2 h on a whole part, excluding any postprocessing
of the data (which can be even more time-consuming). The
use of witness specimens overcomes the resolution limit, al-
lowing higher resolution than possible on the whole part, in
most cases. If statistical analysis demonstrates that the witness
specimen does not contain critical pore sizes, as described in
Refs.,60,96 then a pass decision can be made on the larger parts
of the same build.
This assessment might still be subject to manual inspection
of microCT scans of the larger parts (despite the poorer reso-
lution and image quality), as the presence of major flaws and
build defects can easily be identified in microCT scans. This is
important since extrapolation of porosity information from a
witness specimen is not necessarily correct, as additional
problems may arise in the build, for example, due to complex
build angles, supports, or lack of support—such a disparity
between witness specimen and actual part is demonstrated in
figure 3 in a study by Seifi et al.97 Nevertheless, the use of
witness specimens reduces the dependence and heavy time
investment on image quality of the whole part and provides the
potential to standardize the shape (of witness specimens) and
scan settings for such witness specimens, providing potentially
a route to much-needed standardization in the field.
Generally, a useful and reasonable time investment is to
optimize process parameters of a new AM system or a new
AMmaterial parameter set, using small test parts subjected to
microCT, to ensure lack of defects in a processing range
(power, speed, layer thickness) for a given type of powder. It
may also be useful to microCT powders from new suppliers
or to do microCT tests of powder samples from every loaded
batch of prints, as evidence; and for later possible correlation
of build defects with powder quality. One way of reducing the
cost for batches is the automation of analysis tasks, using a
fixed recipe of steps—this not only saves time but also assists
in standardization and comparison of results irrespective of
the system or operator used.
Specialized applications and high time
investment for critical parts
For defect analysis of the most critical parts, the best
possible scan quality is required. Higher scan times lead to
reduced noise and hence better detection of defects. To find
optimized parameters for custom parts of varying materials,
this can often translate into repeats of scans, when the ori-
entation is such that artifacts are present, or when scan set-
tings need refinement. This process can be streamlined using
reference objects (e.g., with intentional cavities) to prove that
sufficient image quality is available to detect the defects of
interest. It also assists when optimized parameters are de-
veloped for a new type of specimen, which requires some
method development in scanning and reconstruction param-
eters and image analysis workflow.
In addition to budgeting for scanning parameter optimiza-
tion, the analysis workflow often requires custom development
for an application, especially to remove noise and ensure no
important features are ‘‘smoothed over.’’ The best solution is
to find the optimized recipe for a particular application and
always follow this same recipe for subsequent similar parts.
This approach ensures consistency of quality; one example
where this was done successfully is as part of the ISO ac-
creditation of themedical implant production byAMat CRPM
in the Central University of Technology, South Africa. Each
medical implant produced at this facility is subject to a mi-
croCT quality inspection according to some fixed criteria of
scan settings, to ensure lack of major flaws.
For any kind of dimensional measurement, lack of image
artifacts is even more crucial than for porosity analysis. This
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requires high scan quality and optimization of parameters.
The same arguments as above hold, but smaller parts and
higher quality are required, resulting in at least 1–2 h of scan
time and the same analysis time per part.
For porosity hotspots, structural mechanics simulations
based onmicroCT data, deformation or other 4D CT analysis,
most time investment is on the data analysis. This can be
implemented using fast scans, but this increases the time
investment as denoising is required. For most advanced ap-
plications, the best possible scan quality is required. As
mentioned above, some workflows can be developed to be
followed as a recipe, which can allow cost-effective solutions
for this type of analysis.
For surface topography measurements, small sections or
small samples need to be scanned, or region of interest scans
need to be conducted to allow the field of view and resolution
to be appropriate for surface analysis, with at least 35lmvoxel
size or better, depending on the roughness values expected.
Highest possible scan quality is required, and processing the
data requires more time investment than the scan itself. This is
therefore suggested for small coupon samples only.
For powder analysis, similar to the above arguments, a
field of view as small as possible and voxel size as small as
possible are required. For the example presented, 1.5 lm
voxel size allowed the full characterization of the 1-mm-wide
sample of powder investigated, but some powder might re-
quire higher resolution to allow the same quantitative anal-
ysis. For such small voxel sizes, often scan times can become
excessively long. Image processing in this case requires de-
noising and advanced image analysis to virtually separate
touching particles.
Summary of microCT capabilities
Table 1 below summarizes the type of microCT scans and
analysis capabilities based on the goal of the work, in broad
terms. By keeping to these guidelines, the most cost-effective
microCT solution is found.
Development of standards
The challenges related to developing industry standards
for nondestructive testing of AM parts are summarized in
Refs.97,98 These authors suggest a variety of methods to im-
prove the current lack of standards, including guidelines on
how to seed natural flaws into test parts, and thereby demon-
strate the ability to detect these flaws, and the use of intentional
Table 1. Type of Microcomputed Tomography Scans and Analysis Capabilities
Based on the Goal of the Work
Aim of work Sample requirement MicroCT strategy
Time investment
per part
Routine quick inspection Typically <200mm, smaller
is better
Fast scans for major flaws only, with
selected parts subjected to high-quality
inspections.
Low
Quality inspection Typically <100mm, smaller
is better
Scans and analyses according to set
criteria, adhering to quality standards.
Low-medium
Process optimization Ideally small test coupons and
powder samples
High-quality scans for powder quality
inspection (lack of porosity,
irregularity, or impurity), porosity or
build defects (identify build defect type
and relate to process parameters),
surface roughness assessment,
volumetric density (e.g., for alloys).
Medium
Critical part inspection Ideally the part without
support structures after heat
treatment, with associated
witness specimen (rod built
in same direction as critical
part)
Highest possible resolution and quality
scan for part size to identify flaws and
build deviations from CAD design.
Higher resolution scans of witness
specimen to identify possible layer
defects or process defects that may be
present in complex part. Critical areas
of part scanned at higher resolution
using region of interest scans.
Medium-high
Detailed R&D Smallest part sizes for best
resolution and image
quality
Highest possible scan resolution and
quality, including time investment in
reconstruction and image analysis
optimization. Specific workflows can
be optimized, which can be used as
routine methods for each type of
material and part.
Advanced analyses such as detailed
porosity correlation with wall thickness
and local porosity hotspots, image-
based simulations, and more.
High
CAD, computer-aided design; microCT, microcomputed tomography.
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flaws as watermarks in parts, also to act as proof of detection
capability. They also suggest further studies of the classifica-
tion of defect types and causes in AM and further studies of the
effect of defects on mechanical properties. These authors also
demonstrate that coupon specimens and actual parts may vary
in their defect distribution due to build geometry.
Nevertheless, the use of test coupons or witness speci-
mens is a good idea, as higher resolution imaging is possible
on these parts compared with larger complex parts, allow-
ing smaller defects to be characterized. This may assist in
identifying process parameter errors (lack of fusion or key-
hole mode) or build mistakes, such as layer defects (which
typically run through the entire build). Some recent studies
using witness specimens have identified methods to predict
fatigue life of the part based on statistical analysis of pores
detected in witness specimens.60,96
Currently there are standards being developed for nonde-
structive testing of AM parts99 and specifically for seeding of
flaws intentionally into parts for detection proof of con-
cept.100 Existing protocols and best practice for industrial
microCT are also in place and used widely already.12 Con-
sidering the current state of the art as reviewed here, we
suggest the following to aid in standardization:
 Ten millimeter cubes can be used for high-resolution
and quality microCT scans to improve process param-
eters, identify process defects clearly, quantify extent
and type of porosity or inclusions present, assess sur-
face roughness on top and sides of cube, and measure
the volumetric density (especially for alloys).
 Witness specimen built in same build as critical part—
15-mm-diameter cylinder with height corresponding to
maximum height of the part.
The cubes can assist in obtaining information for process
optimization, the witness specimens can provide information
on the specific pores present in the build and which can be in
the complex part, including possible layer defects, and the
complex part must be analyzed at the highest resolution
possible to ensure no additional flaws are detected. In very
critical applications, small coupons should be produced with
seeded flaws that can be scanned in the same volume as the
critical part, as proof of detection capability for small defects.
As the field develops and workflows become standardized,
the produced parts will improve in quality and this will
contribute to the wider adoption of AM in industry.
Conclusions and Future Perspectives
It has been demonstrated in this review that microCT can be
used for various applications in AM, more than most re-
searchers and engineers in AM realize. It can be used not only
for high-quality detailed analysis of single parts but also cost
effectively check for major flaws using fast scans with minimal
postprocessing. The capabilities extend past individual part
inspections to optimization of process parameters using small
test coupons, and using witness specimens for indirect in-
spections of builds. This latter aspect allows for prediction of
properties of the complex part, based on the detailed defect
analysis of the witness specimen.
Incorporating microCT into a holistic quality control for
AM can be done effectively and reasonably simply, despite
concerns over the cost of the technique. This extends to mi-
croCT analysis of powder, not only checking for porosity or
sphericity but also simply checking for impurities such as
denser particles that can lead to inclusions in the built parts. It
was demonstrated that scans can be done at varying param-
eters, for different analysis goals, and can therefore be cus-
tomized to individual quality inspection workflows.
New methods of using microCT in the field of AM con-
tinue to be developed and refined and this adds value and
confidence to the use of microCT in the AM field, and adds to
the standardization of workflows. Clearly microCT is crucial
to the holistic quality analysis and improvement of AM parts
and the synergy between these technologies will continue.
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